Abstract--Stable, three-dimensionally ordered complexes were formed from synthetically hydrated, highly ordered kaolinite (d(001) = 8.4 A) and several organic compounds. Removal of the intercalated organic compound by drying or by water washing recovered the 8.4-,~ hydrate with its ordered layer stacking essentially unchanged. Some of the complexes were stable for less than a day, whereas others appeared to be stable indefinitely. The compounds that formed ordered complexes were dimethylsulfoxide, formamide, hydrazine-hydrate, 1,1-dimethylhydrazine, ethylene glycol, glycerol, and pyridine. Clay-organic complexes that were prepared from methanol, ethanol, 1-and 2-propanol, acetone, acetic acid, propionic acid, acetaldehyde, N-methylformamide, methylethyl ketone, tetrahydrofuran, and K-acetate were stable only if they were immersed in the intercalating medium and had little or no stacking order.
INTRODUCTION
In contrast with halloysite, which forms intercalates with many organic compounds (MacEwan, 1946; Cart and Chih, 1971) , few organic compounds are directly intercalated by kaolinite and dickite (Theng, 1974) . Of the organic compounds that do form intercalates with kaolin-group minerals, only a few have been observed to form ordered structures. These include N-methylformamide (NMF) in dickite (Adams, 1979) , formamide in dickite (Adams and Jefferson, 1976) , dimethylselenoxide in kaolinite (Raupach et al., 1987) , and dimethylsulfoxide (DMSO) in kaolinite (Thompson and Cuff, 1985; Raupach et al., 1987) and halloysite . A study of ordered intercalates can give information about the bonding between the guest molecules and the clay surfaces, the effect that intercalation has on both the inner surfaces of the clay layers, and the effect the guest molecules have on the layer stacking of the clay : organic complex.
Presumably, the enhanced ability of halloysite to form intercalates is related to the presence of residual interlayer water molecules even if the halloysite appears to be almost fully dehydrated (d(001) = 7.2 .~) and references therein) . Because of the extensive and largely unknown disorder inherent in halloysite, the structure of halloysite : organic intercalates cannot be determined accurately; however, comparable intercalated structures can be studied using ordered clay:organic intercalates prepared from synthetically hydrated kaolinite. Costanzo et aL (1984) showed that four hydrates (with d(001) = 8.4 ~,, 8.6 ,~, an unstable 10 A, and a quasi-stable 10 ~) exist. In these hydrates, two kinds of water molecules were identified, and the static and dynamic structure of each was described by Costanzo et al. (1984) and Lipsicas et al. (1985) , respectively. The 8.4-,~ synthetically hydrated kaolinite (hereafter referred to as the 8.4-,~ hydrate) is different from the other three hydrates in that it cannot be prepared unless about 20% of the inner-surface hydroxyls of the kaolinite starting clay are replaced by fluorine. This substitution clearly changes the chemical and structural properties of the hydroxyl surfaces, and these changes appear to be necessary for the formation and stability of a stable, structurally ordered hydrate and may be responsible for its thixotropic properties (unpublished research in the authors' laboratory). The 8.4-,~ hydrate has a water molecule keyed into each of the ditrigonal holes formed by the basal tetrahedral oxygens, giving the hydrate a formula ofAIESi2Os(OH)4_xF X. HyO, where x ~ 20% . The intercalation properties of the 8.4-,~ hydrate should differ from those of untreated kaolinite, and, by analogy with halloysite, this material should intercalate more easily and with a greater number and variety of organic compounds. What is not obvious, however, is that many such intercalates form three-dimensionally ordered structures.
Clays and Clay Minerals

EXPERIMENTAL
The clay used to prepare the 8.4-/~ hydrate was an ordered (low-defect) kaolinite from Georgia (KGa-1 from the Source Clay Minerals Repository of The Clay Minerals Society). Preparation details for the ordered stable 8.4-A hydrate were given by Costanzo et al. (1984) . All chemicals used were reagent grade. The X-ray powder diffraction (XRD) scans were made with a GE XRD-6 diffractometer equipped with a Cu tube. Infrared (IR) spectra were recorded in the absorbance mode using a Perkin Elmer Model 683 double-beam, ratio-recording spectrometer, and the samples were sedimented onto either Irtran, ZnS, or CaC12 plates. Some samples were dispersed as dry powders in a fluorinated hydrocarbon.
The method used to prepare an 8.4-/~ hydrate:organic complex depended on the properties of the organic compound. For organic compounds having low vapor pressures, e.g., dimethylsulfoxide (DMSO), ethylene glycol, or glycerol, the method described by Thompson and Cuff (1985) was used. Briefly, 1 g of 8.4-,~ hydrate was placed in a small dish in a partially covered desiccator, which contained a small amount of the organic compound to be intercalated. If the flash point of the organic compound permitted, the desiccator was placed on a hot plate set at 60~ When the reaction was complete, as determined by XRD, the sample was placed in a clean dry uncovered desiccator at 60~ until all excess organic compound had evaporated. If the organic compound was extremely volatile (e.g., alcohols), about 1 g of the 8.4-A hydrate was placed in a polypropylene centrifuge tube along with a few milliliters of the desired organic liquid. Although intercalation of the organic compound was generally rapid, the 8.4-/~ hydrate : organic compound products were left to equilibrate ovemight before they were finally examined by XRD and IR. The intercalates were qualitatively classified as "ordered" if a significant number of hkl diffraction peaks were present, which were well-resolved and had an appreciable intensity. Table 1 lists all the organic compounds used in this study. For comparison, kaolinite KGa-1 was also treated with the same organic compounds and under the same conditions, as was the 8.4-/~ kaolinite hydrate. Table 1 indicates whether the kaolinite and the hydrated kaolinite formed an intercalate with each of the organic compounds. If the 8.4-A hydrate formed an intercalate, the d(001) value is also given.
RESULTS
Ordered 8.4-~ hydrate: organic compound intercalates: XRD
DMSO. Because a great deal of information exists about the structure and spectroscopic properties of kaolinite intercalated by DMSO, the kaolinite : DMSO and the 8.4-~ hydrate : DMSO complex are compared here in some detail. The 1.4-~ difference between the basal spacing of the kaolinite KGa-1 and the 8.4-~ hydrate is due to the water molecules keyed into each ditrigonal hole of the inner surfaces of the hydrated clay ( Figure  1) . Both the KGa-1 sample and the 8.4 -,~ hydrate readily intercalated DMSO, and both formed three-dimen- Other organic compounds. In addition to DMSO, the 8.4-/~ hydrate intercalated and formed stable, ordered complexes with formamide, hydrazine-hydrate, ethylene glycol, glycerol ( Figure 6 ), and pyridine ( Figure  7 ). Although all of these had ordered structures, they had different stabilities upon exposure to ambient conditions. The DMSO complex appeared to be completely stable; after several years, samples produced XRD peaks which had lost none of their sharpness, and the relative intensities of the peaks were unchanged. A sample of the glycerol intercalate left uncovered as an oriented smear on a glass slide for one year gave an XRD pattern showing nearly 100% of the complex still to be present, but the XRD peaks were not nearly as sharp as those of the original material. Prepared as wet smears on microscopic slides and left uncovered, the ethylene glycol complex began to de-intercalate in a matter of weeks, the pyridine complex de-intercalated in a couple of days, and the formamide and hydrazinehydrate complexes started to de-intercalate in less than 24 hr. For all of these complexes, de-intercalation by evaporation, water washing, or gentle heating resulted in a return of the 8.4-~ hydrate structure. De-intercalation of some of the ordered complexes (e.g., DMSO and formamide) or of the unordered 8.4-~ hydrate : NMF complex resulted not only in a return of the 8.4-Zk hydrate, but, as indicated by XRD, the de-intercalated samples were even more ordered than the original 8.4-A hydrate material. In contrast, some of the 8.4-A hydrate : organic complexes prepared using highly volatile organic compounds (see below), e.g., tetrahydrofuran (THF), lost much of the original three-dimensional order upon de-intercalation.
Although the ordered 8.4-A hydrate:organic complexes showed no displacement of their 3695-cm -~ bands (inner-surface OH vibrations), except for the complex prepared with glycerol, the 8. Figure 7 . Not shown in the illustrations, is that with time, the inner-hydroxyl vibration of an ordered 8.4-A hydrate : DMSO complex shifted toward 3620 cm-L This phenomenon might be related to the aging seen in the 8.4-A hydrate by Coyne et al. (1989) . The XRD pattern of the 8.4-A hydrate : l, 1-dimethylhydrazine (UDMH) complex showed that although the sample was still wet with UDMH, almost no hkl ordering could be seen, and d(001) = 10.8 /~ ( Figure  9 ). Drying was relatively slow (after l hr, d(001) = 10.8 /~), but after three days of air drying the well-defined 001 peak seen in the XRD of the wet sample was replaced by a broad, composite band of peaks ( Figure  9 ), which suggested the presence of two or more stable (and partially ordered?) phases. The broadness of these peaks also indicates the possiblity of mixed layering. One sample, allowed to remain in contact with liquid UDMH for nearly one year and then air-dried overnight, showed considerable structural order and an increased basal spacing of 11.59 A. An IR scan of the 8.4-A hydrate : UDMH complex showed no displace- ment of the inner-surface OH band at 3695 cm -~, but did show that the band attributed to the inner OH was shifted down in frequency to 3615 cm-L The broad band centered around 3405 cm -~ suggests that the sample contained unintercalated organic solvent, although the sample appeared dry when the IR scan was recorded.
In the present study no intercalation of UDMH into sample KGa-1 was observed, even after 1-2 weeks of contact, but here also kinetics could have been a factor.
Coyne et al. (1989) reported that one sample each of the KGa-1 and Cornish kaolinites used in their study intercalated UDMH and expanded to 12.6 ~..
Unordered 8.4-,~ hydrate: organic compound intercalates
The alcohols were among the most volatile of the organic liquids used in this study. Without an environmental sample chamber the XRD pattern of the 8.4-/~ hydrate complexes formed with methanol or ethanol could not be recorded, because they de-intercalated too rapidly. IR spectra, however, were obtained by sandwiching a sample wet with organic liquid between IR plates. Because, in general, no IR adsorption by these liquid organics occurs in the 3600-3700-cm -t region, the formation of a clay : organic complex could be verified by observing changes in the OH-stretching bands of the parent 8.4-A hydrate. Intercalation was assumed if, at least some of the inner-surface OH bands of the 8.4-,~ hydrate were significantly disturbed by the presence of the intercalating agent between the clay layers; this is clearly illustrated in Figure 7 . In 8.4-A hydrate samples wet with either methanol or ethanol, the intense 3655-cm -~ band of the 8.4-,~ hydrate was no longer visible, the intensity of the 3695-cm -1 band was diminished, and the inner-hydroxyl band, normally seen at 3620 cm -~, was shifted to about 3625 cm -1 in the sample treated with methanol and to about 3635 cm -~ in the sample treated with ethanol. A very small, but identifiable shoulder was present in the latter sample at 3620 cm -t.
The alcohol 1-propanol (b.p. 97.4~ slightly less volatile than methanol (b.p. 65.15~ and ethanol (b.p. 78.5~ also intercalated the 8.4-,~ hydrate and was stable long enough for both an XRD pattern and an IR scan to be recorded (Figure 10 ). The XRD scan of the 8.4-A hydrate : 1-propanol intercalate showed that after 1-2 min of air exposure necessary for an XRD scan, roughly about 50% of the intercalate was lost (Figure 10 ), and after 5 min, < 10% of the intercalate remained (Figure 10 ). The IR spectrum of the 8.4-A UDMH complex, wet, air-dried for 10 min, air-dried for 1 hr, and a second sample that had remained in contact with liquid UDMH for about one year and then was air-dried overnight. Wave number (cm -1)
hydrate: 1-propanol intercalate clearly showed the presence of both excess 1-propanol and a relatively small perturbation of the inner-surface OH bands, indicating the presence of at least some intercalated layers ( Figure 10 ). The presence of 1-propanol molecules between the clay layers caused the band at 3655 cm -1 to split into two bands at 3645 and 3655 cm -~ ( Figure  10 ). Not shown in the illustrations are the results of an IR scan of the 8.4-/~ hydrate treated first with acetone and then with 1-propanol. The effectiveness of the replacement of acetone by 1-propanol was monitored by comparing acetone bands between 2800 and 3000 cm -~ with those of 1-propanol in the same region, but having different wave numbers. If the 1-propanol was intercalated via acetone replacement, the 8.4-A hydrate inner-hydroxyl band behaved in a manner similar to that observed for methanol-, ethanol-, and pyridine-treated samples (i. e., the 3655-cm-~ band disappeared), and, as for the ethanol-treated sample, the inner-hydroxyl band was shifted to about 3635 cm -I. The differences in the IR scans of the 8.4-A hydrate: 1-propanol complex prepared by (1) direct intercalation or (2) acetone replacement suggest that intercalation of 1-propanol directly into the 8.4-/~ hydrate was either incomplete or that the complex was sufficiently unstable when removed from the bulk liquid and that the IR spectrum of the fully intercalated material could not be recorded. Inasmuch as the boiling point of acetone (56.2~ is less than that of methanol, it is surprising that acetone was intercalated into the 8.4-A hydrate and was sufficiently stable to allow an XRD pattern to be recorded (d(001) = 11.4 ,~) (Figure 11 ). Only after about 15 min did the acetone start to leave the intercalate. The loss of acetone seemed to occur in discrete stages ( Figure  11 ) as has been observed for the dehydration of halloysite . After 1 hr of air drying of the 8.4-/~ hydrate : acetone complex, the 8.4-A hydrate basal spacing and its hkl peaks began to appear (Figure 11 ). The inner-surface OH bands of the 8.4-A hydrate were strongly perturbed by the presence of the acetone molecules (Figure 11 ). Because acetone has only a very weak absorbance in the 3600-3700-cm -I range, the loss of peak definition observed between about 3400-3700 cm -t apparently was not due to excess acetone.
Non-intercalating organic compounds
Some other organic molecules were examined as potential intercalating agents. Only direct intercalation of the 8.4-/~ hydrate was tried; no attempt was made to look at the possibilities of replacement of a pre-existing intercalate other than that described for the 1-propanol replacement of acetone. The compounds that were not observed to intercalate into the 8.4-A hydrate are listed in Table 1 .
DISCUSSION
The differences, as seen in the XRD and IR results, between the kaolinite:DMSO and 8.4-/~ hydrate: DMSO complexes suggest that the position of the DMSO molecules is not the same in the two intercalates. Thompson and Cuff 0985) and Raupach et al. (1987) clearly showed that each DMSO molecule in a kaolinite : DMSO complex is oriented such that one of the DMSO methyl groups is keyed into each ditrigonal hole formed by the basal tetrahedral oxygens, precisely the site of the "hole" water of the 8.4-~ hydrate. Thus, if the 8.4-A hydrate is intercalated by DMSO, either the "hole" water is displaced by DMSO or, if the "hole" water does not move, DMSO molecules must adopt a different position in the interlayer volume. In the first case, the water may completely leave the interlayer volume or it may simply be displaced from the ditrigonal holes and reside between adjacent DMSO molecules. If the water leaves the 8.4-A hydrate:DMSO complex, the product should be indistinguishable from the kaolinite : DMSO intercalate. If the "hole" water remains, and occupies sites between DMSO molecules, d(001) should be comparable to that of the kaolinite : DMSO complex, but the hkl intensities should be different due to the added scattering matter from the water. Finally, if the 8.4-/~ hydrate intercalates DMSO and the "hole" water remains in the ditrigonal sites, a different (and probably larger) d(001) than for the kaolinite: DMSO complex should result and other differences in the hkl intensities of the kaolinite : DMSO should exist, compared with 8.4-,A, hydrate : DMSO, as are shown in Figure 2 . Raupach et al. (1987) observed that if their DMSeO intercalate contained residual interlayer "hole" water, d(001) was greater (11.38 A) than if the "hole" water was absent (11.26 A). The XRD pattern of the 11.38-/~ intercalate of Raupach et al. (their Figure lc) strongly resembles that of the 8.4-/i, hydrate: DMSO complex (Figure 2b ), taking into account the differing scattering power of selenium and sulphur.
The XRD and IR data for the 8.4-A hydrate and its DMSO intercalate suggest that the "hole" water is an integral part of the DMSO intercalate. The recovery of the "hole" water upon de-intercalation of the 8.4-A hydrate: DMSO intercalate, the differences in d (001) and the intensities of the hkl peaks of the kaolinite : DMSO and the 8.4-,~ hydrate : DMSO intercalates, and the existence of "hole"-water bending bands in the 8.4-A hydrate : DMSO intercalate suggest that the 8.4-A hydrate : DMSO intercalate is a new kind of intercalate, incorporating both an organic molecule and water in an ordered structure. The role of kinetics in the formation of stable ordered intercalates seems to be species dependent. A few of the ordered and disordered 8.4-A hydrate: organic complexes were allowed to remain in contact with their respective organic liquids for periods as long as six months. The additional time of contact resulted in no changes in the stable, ordered 8.4-~ hydrate: organic complexes (e.g., DMSO or formamide), suggesting that these formed stable structures rapidly (hours to a few days). Even though NMF intercalated the 8.4-~ hydrate with relative ease, it did not form an ordered complex upon intercalation ( Figure 12) ; increasing the time of contact between the hydrate and liquid NMF did not promote the formation of either a more ordered or a more stable product. In contrast, prolonged contact (about 1 yr) of UDMH with its 8.4-/~ hydrate inter- calate resulted in a change from a disordered to an ordered structure ( Figure 9 ). As shown in Figure 9 , shorter contact times with UDMH produced only partial ordering, at best. Additional contact time did not permit a stable complex to form between the 8.4-/~, hydrate and the very volatile organic compounds, suggesting that kinetics was not a controlling factor in the formation of stable and/or ordered complexes in these instances.
That 1-propanol was not easily intercalated by the 8.4-A hydrate and not at all intercalated by kaolinite is not surprising, considering that butanol intercalation into either kaolinite or the 8.4-~, hydrate has not been observed. That methanol and ethanol are easily intercalated by the 8.4-,~ hydrate and that 1-propanol partially entered the inner-layer spaces of the hydrate or fully entered when replacing previously intercalated acetone, and that butanol has not been observed to be even partially intercalated suggests that ease of intercalation of alcohol by the 8.4-/~ hydrate is chain-length dependent.
Despite several decades of study of the intercalation of organic compounds and salts into the interlayer regions of kaolin minerals no clear understanding exists of which physical and chemical characteristics are necessary for a salt or molecule to form an intercalate. Olejnik et al. (1970) observed that although the formation of kaolinite : organic complexes is generally favored if the intercalating organic molecule has a large dipole moment, many polar organic compounds do not spontaneously expand the interlayer spaces of kaolinite. If the dipole moment of the intercalating molecule were the dominant factor, propionaldehyde, formic acid, and water, for example, should intercalate the 8.4-A hydrate and/or kaolinite, but they do not (see Table 1 for values of dipole moments of some of the organic compounds). In addition to a large dipole moment, the possibility for hydrogen bond formation between the organic compound and the clay surfaces seems to be a desirable attribute for intercalation (Adams, 1978) . Although the 8.4-A hydrate forms clay : organic complexes with more organic compounds than does kaolinite, the chemical and physical properties needed by the guest molecule to intercalate the 8.4-A hydrate are still unclear. The non-reactivity of water as a complex former is especially difficult to understand because (1) it acts as both a hydrogen acceptor (Lewis base) and a hydrogen donor (Lewis acid); (2) the existence of halloysite (10 A) indicates that under some conditions, water will enter between the layers of a kaolin-group mineral; and (3) the precursor phase of the 8.4-A hydrate is a 10-/~ dihydrate.
For the sake of discussion, assume a situation in which a clay mineral crystal, in the form of a stacking of identical, rigid layers, is immersed in a liquid. In addition to the clay mineral layers being attracted to each other, the molecules of the liquid will interact with the surfaces of the clay layers., In a simplistic model, if the attraction between the clay layers is greater than the attraction of the clay layers for the liquid, no intercalation will occur. This model suggests that the important factors are the surface tensions of the clay layers and of the liquid. The surface energies are composed of an electrostatic part (EL), a term for the Lifshitz-van der Waals interactions (LW), and a term for Lewis acid-base interactions (AB). The free energy of interaction of clay layers (indicated by a subscript 1) with each other in the presence of a liquid (indicated by a subscript 3) can be written in the form (van Oss et aL, 1988) AGI31 -2 +2 (~v~l+ 3'7 + where yLW is the Lifshitz-van der Waals component of the surface tension, y+ and 7i-are the electron acceptor and the electron donor parameters, respectively, of the polar (AB) surface tension, and IF refers to "interfa-IF cial." A negative value for AG13~ at contact of the clay particles, assumed to be at about 1.5 /~, indicates a greater attraction between the clay layers than between the liquid and the clay layers, a situation that should result in the exclusion of the liquid from between the IF layers. On the other hand, a positive value for AGI3~ indicates that the clay layers repel each other leading to delamination. A stable intercalated structure is indicated by a minimum (and negative value) of AG~I, if the clay layers are separated by some distance in excess of the contact distance, e.g., an increase of 1.3 tl, in the separation of kaolinite layers in water to form the 8.4-,~ hydrate structure (see Figure 1) . This approach to the study of intercalated clay minerals is oresently being investigated in our laboratories Giese et al., 1989) .
The high intensity of the background seen between the XRD peaks beginning at about 20~ of the samples of this study suggested the presence of both a wellordered (low-defect) and a disordered (high-defect) phase in the 8.4-/~ hydrate and the 8.4-,~ hydrate: organic complexes. The kaolinite used for the synthesis of the 8.4-,~ hydrate (KGa-l) had a Hinckley index of 0.95. Plangon et al. (1988) showed that kaolinite samples having Hinckley indexes >0.4 were mixtures of a low-defect kaolinite and a high-defect kaolinite. Examination of the XRD patterns of the ordered 8.4-/~ hydrate and its intercalates suggested that there may also be two phases in these materials. On the basis of the present study, it is not clear that the defect structure of the parent kaolinite is the same as that in the intercalated samples.
Perhaps the most curious observation of this study is that shifts in the IR 3620 cm -t band positions occurred for most of the 8.4-A hydrate:organic complexes, but not for either the 3620-cm -~ kaolinite innerhydroxyl band of the kaolinite:DMSO complex nor for the position of the seemingly much more perturbable 3695-cm-~ band of either the kaolinite : organic or the 8.4-,~ hydrate:organic compound samples.
SUMMARY AND CONCLUSIONS
The 8.4-A hydrate allowed more organic molecules to enter between its layers than did kaolinite. In general, the hydrate forms clay : organic compound structures, which are more ordered than those formed by either kaolinite or halloysite and thus can be used to study the bonding between the organic molecules and the clay's inner surfaces. If the organic compounds left the interlayer spaces of the hydrate (via air drying, gentle heating, or water washing), the water of hydration in the clay was not perturbed, suggesting that the water had become part of the clay's structure. The perturbation of the IR band attributed to the inner hydroxyl by the intercalated organic compounds was easily observed. Many of the volatile organic compounds that can be intercalated by the 8.4-,~ hydrate but are not stable as an intercalated species once the clay : organic complex was removed from the bulk liquid could be used as entraining agents to intercalate molecules, e.g., acetone as an entraining agent for the complete intercalation of 1-propanol. The formation of some of the ordered complex may have been a function of kinetics.
